In this study we report the first ever large-scale environmental validation of a microbial reporter-based test, in order to measure arsenic concentrations in natural water resources. A bioluminescence-producing arsenic-inducible bacterium based on Escherichia coli was used as the reporter organism. Specific protocols were developed with the goal to avoid the negative influence of iron in groundwater on arsenic availability to the bioreporter cells. 
Introduction
Arsenic is a world-wide recurring pollutant of natural origin with serious health effects upon prolonged intake of even low concentrations. Current estimates are that, e.g., 150 million people in the West-Bengal and Bangladesh area, over 10 million in Vietnam and over 2 million in China are exposed to unacceptable arsenic intake through potable water consumption (1) (2) (3) . Arsenicosis and visible skin lesions have been diagnosed in hundreds of thousands persons in West Bengal, Bangladesh and China (2, 4) . A similar situation may be occurring in Vietnam, where arsenic is contaminating tube wells of around 13.5 percent of the Vietnamese population, some 11 million persons (1) . Although a coarse picture on arsenic distribution in groundwater in the affected areas exists, millions of family-based groundwater tube wells remain to be measured and might potentially be safe for drinking water purposes (2, 5, 6) . Unfortunately, arsenic is spatially very heterogeneously distributed and the arsenic contents in two nearby wells within 100 m distance can be 30-fold different (1, 3) . Hence, effective arsenic mitigation campaigns should screen every individual tube well (i.e., blanket screening) to determine whether or not the quality of the potable water complies with current arsenic guideline values (for WHO: 10 µg As/L, for Bangladesh currently 50 µg As/L).
Considering the poor technical facilities in the most exposed countries, testing a large number of wells for arsenic contamination poses an extreme challenge. So far, mostly chemistry based commercial field test kits (e.g., Merck, Hach, Arsenator, ANN, or local imitations) have been applied in Bangladesh, India, Vietnam and other countries. The principle of these kits is the formation of volatile arsine gas (AsH 3 ) to separate arsenic from the aqueous matrix and subsequent colorimetric detection on a paper strip (6) . Current chemical field kits have low precision, reproducibility and accuracy at arsenic concentrations between 10 µg/L and 100 µg/L. Probably, one of the most important reasons for the lack of precision is the individual variability in determining the arsenic concentration from visual inspection of colored spots (6) (7) (8) . Results of previous field campaigns to identify the safety of potable water in tube wells have been seriously questioned because of discrepancies between results obtained with chemical test kits and independently performed laboratory measurements. For example, among 290 wells tested both by field kits and flow injection hydride generation atomic absorption spectroscopy (FI-HG-AAS), as much as 68% of the samples in the range of 50-100 µg As/L scored false negative in the field test and 35% false positive (7).
Microbial reporter technologies (bacterial biosensors) have been proposed as an alternative, rapid, and cost-effective method to measure chemical species in aquatic samples. Such bioreporter microorganisms consist of genetically modified bacteria that produce a reporter protein (such as bacterial luciferase) in response to the presence of a target chemical (9, 10) .
Luminescent bacterial biosensors reacting to arsenite and arsenate have been developed as well (11) (12) (13) (14) . So far, bacterial bioreporters have mostly only been used in laboratory applications.
Arsenic-responsive bacterial bioreporters display a lower detection limit of around 4 µg As(III)/L in aqueous solution with standard deviations of around ±5%, which is more than sufficient to comply with regulatory guidelines (11) . Their precision in real groundwater samples, however, is unknown and several compounds may potentially influence the bioreporter's response, most notably ions which can complex arsenic or inhibitory substances for the bacterial cells. A few other ions may elicit a positive response from the bioreporters.
Due to the nature of the exploited biological system, the arsenic bioreporters react to antimonite with a similar sensitivity as to arsenite, and to bismuth and cadmium with a 100-to 1000-fold lower sensitivity (14, 15) . In contrast to total destructive chemical analyses, bacterial bioreporters only assess dissolved and freely diffusible arsenite and arsenate.
Chemical processes, such as e.g. sorption of arsenic to precipitating iron(hydr)oxides from anoxic groundwater samples may significantly lower arsenic bioavailability to the cells, leading to underestimation of the total arsenic content of the sample (12, 16) .
Anoxic arsenic contaminated groundwater is often iron-rich with concentrations in the range of 5-30 mg Fe/L, with varying concentrations of other ions, such as ammonia, bicarbonate, nitrate and silicate (1, 17, 18) . During groundwater sampling procedures, acids or complexing agents are usually added to preserve the sample composition and to prevent co-precipitation of arsenic onto FeOOH particles, which are rapidly formed when anoxic groundwater is exposed to air (19) (20) (21) .
The aim of this study was to develop a robust bioreporter protocol for rapid and reliable quantification of arsenic in natural groundwater samples exhibiting large differences in chemical composition. The presented protocol was developed in particular to eliminate potential disturbances caused by high iron concentrations in groundwater. To our knowledge this is the first time ever that bacterial bioreporters were applied on a large scale with natural field samples, and our results provide confidence in their performance and their predictive value.
Experimental Section
Groundwater Sampling. 194 groundwater samples from groundwater tube wells (family scale) were sampled in villages located in arsenic affected areas of the Red River and Mekong River deltas, Vietnam. Groundwater was collected at the tube by hand or electrical pumping.
Samples were taken after 10 minutes pumping, when the oxygen concentration in the water reached a stable value, which was measured online by using a dissolved oxygen electrode (PX 3000, Mettler-Toledo). Groundwater samples (50 mL) were immediately filtered through 0.45 µm filters and transferred to acid-washed plastic bottles. Samples were acidified to a pH of about 2 by addition 0.1 mL HNO 3 (7. 
Arsenic Analysis by Bacterial Bioreporter. The arsenic bioreporter was Escherichia coli
DH5α (pJAMA-arsR), which was used under the cultivation and storage conditions as described previously (11) . Table 1 . arsenic concentrations in the range of smaller than 10, from 10-100 and higher than 100 µg As/L ( Table 2 ). The bioreporter measurement was considered false negative when the Asdetermined concentration was lower than the concentration for that category, whereas the concentration determination by AAS showed it was above. At the other way round, bioreporter measurements were considered false positive. Both of these predictions are important, because a false negative will identify a groundwater well being safe (lower than the risk category) whereas it might not be safe, with potential negative consequences for human health. False positives will identify a groundwater well as being not safe despite in fact the arsenic level is below the guideline values of 10 µg/L (7). µg/L arsenic (see Table 2 ). In the range lower than 10 µg As/L, 9 samples were to be considered false negatively determined by the bioreporter (8.0%). However, arsenic concentrations of those nine samples determined by AAS ranged between 10 to 19 µg/L, indicating that they were not extremely off and would still be below the safety level of 50 µg As/L. Among the 38 samples identified in the 10-100 µg As/L range, 5 samples (13%) were recorded as false negative by the bioreporter assay, with AAS-determined arsenic concentrations being in the range of 142-176 µg/L, whereas two samples (5.3%) were false positive. In 44 samples the bioreporter-determined concentration of arsenic was higher than 100 µg/L. Among those, there were no false negative determinations, but one sample (2.3%) was false positive with an AAS-determined value of 97 µg/L. However, this is very close to 100 µg/L and can be considered as a discrepancy that can also occur between AAS tests among different laboratories (6) . In summary, if all the wells were categorized as safe or not safe based on the WHO guideline value for arsenic in drinking water (10 µg/L), 9 of 112 samples were false negative (8.0%) and 2 of 82 were false positive (2.4%).
Results and Discussion

Effect of Iron on the Light Emission Induced by
In light of the horrifying high rate of false negatives with chemical field test kits of up to 68%
at arsenic concentrations in the range even of 50 to 100 µg/L (7), the performance of the bioreporter assay is very promising. Validation with a larger number of real samples from a variety of other environments as well as higher dilution ratios in the case of highly contaminated samples will improve the predictive value of the bioreporter measurements even further. But we are confident that the assays and the protocol for using the luminescent bacterial strain E. coli DH5α (pJAMA-arsR) can already be an important new tool for rapid screening of arsenic in groundwater in developing countries.
It has to be emphasized that the bioassays were performed directly in Vietnam. It was the first time ever that such a microbial reporter system was tested under local conditions on a large variety of environmental samples (see Table 1 ). The average processing time with the single vial test was about 50 samples per day. The system can easily be upgraded to multiwell-plate analyses, allowing measurements of hundreds of samples per day, even in a moderately equipped laboratory, which is much more than can be achieved by AAS or AFS. Production of the bioreporter cells can be achieved at low costs while maintaining good quality if simple rules of handling bacteria are followed. Thus, we believe that extensive screening of many wells by this microbial reporter technology has become a more realistic opportunity to counteract the arsenic crisis.
